X-linked adrenoleukodystrophy (ALD) is a devastating inherited neurodegenerative disease caused by defects in the ABCD1 gene and affecting peripheral and central nervous system myelin. ABCD1 encodes a peroxisomal transmembrane protein required for very long chain fatty acid (VLCFA) metabolism. We show that zebrafish (Danio rerio) Abcd1 is highly conserved at the amino acid level with human ABCD1, and during development is expressed in homologous regions including the central nervous system and adrenal glands. We used TALENs to generate five zebrafish abcd1 mutant allele lines introducing premature stop codons in exon 1, as well as obtained an abcd1 allele from the Zebrafish Mutation Project carrying a point mutation in a splice donor site. Similar to patients with ALD, zebrafish abcd1 mutants have elevated VLCFA levels. Interestingly, we found that CNS development of the abcd1 mutants is disrupted, with hypomyelination in the spinal cord, abnormal patterning and decreased numbers of oligodendrocytes, and increased cell death. By day of life five abcd1 mutants demonstrate impaired motor function, and overall survival to adulthood of heterozygous and homozygous mutants is decreased. Expression of human ABCD1 in oligodendrocytes rescued apoptosis in the abcd1 mutant. In summary, we have established a zebrafish model of ALD that recapitulates key features of human disease pathology and which reveals novel features of underlying disease pathogenesis.
Introduction
Inherited leukodystrophies, a group of diseases impacting nervous system myelin, affect 1 in 7,500 live births and have a >30% mortality by age 8 years (1) . Most leukodystrophies lack treatment, and their orphan status, relative rarity as individual diseases, and incomplete penetrance of phenotypes in animal models, have limited progress in understanding disease pathophysiology and in therapy development. X-linked adrenoleukodystrophy (ALD) is endocrine-only (adrenal) disease, to lethal nervous system involvement. The most severe phenotype is a rapidly progressive demyelinating disease affecting school-aged boys (cerebral ALD); but the most common phenotype consists of a slowly progressive central and peripheral demyelination that affects males (4) , and to a lesser extent female carriers, known as adrenomyeloneuropathy (AMN).
ALD is characterized by elevated levels and accumulation of very long chain fatty acids (VLCFAs) in serum and tissues. However, reduction of VLCFA levels does not improve outcomes (5) . Mouse knock-outs of Abcd1 show a gradual elevation of VLCFAs and the slow progression of an AMN-like peripheral neuropathy over more than one year (6) (7) (8) . Interestingly, the mouse mutants do not develop the rapidly progressive cerebral demyelination (9) . ABCD1 also has other roles that may contribute to its disease effects. Studies from mouse and cell culture models show that loss of ABCD1 causes dysfunction of the inflammatory cascade including altered antioxidant signaling and abnormal endothelial function (10, 11) , and loss of ABCD1 is associated with a pro-inflammatory state (12, 13) . In addition, ABCD1 mutations are a rare cause of isolated primary adrenal insufficiency (14) , and adrenal insufficiency is a known complication of ALD. However, whether ABCD1 has a developmental role that might predispose to subsequent disease progression has not been clear.
We report the development and characterization of a zebrafish (Danio rerio) model of ALD. Using transcription activator-like effector nucleases (TALENs) we generated five mutant alleles for abcd1, and we identified, validated, and characterized a sixth mutant allele from the Zebrafish Mutation Project (15) . We show that the mutant abcd1 zebrafish have elevated VLCFA levels; and develop a motor impairment within the first week of life. The mutants have altered CNS development including reduced numbers of oligodendrocytes with altered patterning, hypomyelination, and increased apoptosis in the CNS. Our work reveals an unexpected role for abcd1 in early development, provides a small vertebrate model with early nervous system dysfunction useful for screening therapeutics, and suggests a developmental predisposition for the later progression of disease.
Results
Zebrafish Abcd1 shows amino acid conservation with human ABCD1 and is expressed in the nervous system and adrenal glands
We characterized the ABCD1 ortholog in zebrafish, abcd1 (ENSDARG00000074876). abcd1 is autosomal and is located on chromosome 8 ; its open-reading frame is 2341 base-pairs in length with a predicted protein size of 766 amino acids (Fig. 1A) . Zebrafish Abcd1 has 70% amino acid identity with human and mouse ABCD1 with extensive conservation of key protein domains (Fig. 1B) ; most of the divergence is at the N-and C-termini (Fig. 1C) . Zebrafish Abcd1 is the ortholog in the zebrafish genome most similar to mammalian ABCD1; by contrast, zebrafish Abcd2 is more similar to ABCD2 in mouse or human than to zebrafish Abcd1 (Fig. 1D) .
We evaluated the abcd1 expression during embryonic development. abcd1 expression is not visible until 48 hpf (hours post-fertilization), at which time expression is visible in the nervous system, floor plate, and pronephros/interrenal gland (the zebrafish homolog of the adrenal glands (16)) ( Fig. 2A) . By 72 hpf and persisting through 96 hpf expression is present in the central nervous system (CNS), floorplate, interrenal glands/pronephros, and gut. Double-labeling for abcd1 in Tg(olig2:dsRed) embryos revealed co-localization of abcd1 expression with olig2:dsRed-expressing cells in the brain and spinal cord ( Fig. 2B and C) , consistent with expression of abcd1 in progenitors of motor neurons and oligodendrocytes (17) . abcd1 appears to be expressed in oligodendrocyte precursors, shown by visualizing co-expression of abcd1 with RFP in the spinal cord of Tg(sox10:mRFP) embryos (18) (Fig. 2D  and E) . Thus, our results suggest that abcd1 is expressed in oligodendrocyte precursors and in the interrenal gland.
TALEN generation of zebrafish mutant alleles and splice mutant allele
We generated zebrafish mutant alleles for abcd1. To do this we targeted a pair of transcription activator-like effector nuclease (TALEN) arms against sequence in exon 1 of abcd1. We also requested and obtained an abcd1 allele line from the Zebrafish Mutation Project (Fig. 3A and B) (15) . Following TALEN mutagenesis, individual G0 fish were outcrossed to wild-type animals and offspring were screened by high-resolution melt analysis (HRMA) PCR (19) . In addition to HRMA PCR genotyping, we confirmed genotypes by Sanger sequencing both in the G0 as well as in subsequent generations. We identified and isolated five distinct allele lines. The five alleles have mutations in exon 1 causing missense nucleotide changes with resultant amino acid changes, and resulting in premature stop codons occurring within 20 amino acids, all located within exon 1 (Fig. 3B) . The abcd1 allele line abcd1 sa509 obtained from the Zebrafish Mutation Project (referred to subsequently as sa509) is a point mutation (G > A) in the splice donor site of exon 9. Semiquantitative RT-PCR showed that sa509 heterozygotes had decreased amount of abcd1 transcript, and that sa509 homozygotes had no detectable abcd1 transcript (Fig. 3C ). In addition, PCR across the exon 9/10 boundary showed no evidence for the generation of alternative splice-forms (Fig. 3C ). qRT-PCR for abcd1 in the zc90 TALEN mutant (abcd1
zc90
) revealed no change in transcript levels (Fig. 3D ). Log2 fold changes were calculated relative to wild-type, using 28S rRNA as a standard, SEM for each in parenthesis, with two-way ANOVA with post-hoc Tukey HSD test performed. For þ/þ; zc90/þ; and zc90/zc90 the log2 fold changes were 1.0 (0.27), 0.81 (0.19), and 1.22 (0.27). Overall morphology of the TALEN and sa509 heterozygous and homozygous animals appeared normal (images not shown). Both homozygous and heterozygous adults were generated from heterozygous in-crosses (see Fig. 7 for quantification of survival rates).
Very-long chain fatty acid (VLCFA) levels are elevated in the mutant Elevated very-long chain fatty acid (VLCFA) levels in tissues and serum are characteristic of human ABCD1 patients and carriers; in particular, elevations of C26:0 fatty acids. We tested VLCFA levels in sa509 heterozygotes and homozygotes using whole animal extracts performed at 7-8 days post-fertilization (dpf) (n ¼ 20 embryos per replicate; 4 or more replicates performed for each genotype) (Fig. 3E ). Compared to wild-type animals, sa509 heterozygotes and homozygotes had elevated C26:0 ratios (ratio (normalized to wild-type) 1.4 and 1.9, respectively; standard deviation (SD) 0.14 and 0.27, 2-way ANOVA P < 0.05 and 0.001); and sa509 homozygotes had an elevated C24:0 ratio (normalized ratio 1.2, SD 0.29, 2-way ANOVA P < 0.005). This result indicates that the zebrafish abcd1 mutant phenocopies a key biochemical marker of human ALD.
Abnormal interrenal organ development in abcd1 mutants
Adrenocortical insufficiency is frequently observed in patients with ALD (20) . We assayed development of the interrenal organ, the teleost equivalent to the tetrapod adrenal cortex (16), using visualization of steroidogenic acute regulatory protein (StAR) transcript expression (21) . We found that while the interrenal organ was established with the same developmental timing in sa509 homozygotes as in wild-types, the size of the interrenal organ was $ 1.5x larger in wild-type animals ( Fig. 4A-C ) (72 hpf, wt vs. sa509 homozygotes, 49,147 vs. 32,157 pixels; SD 13,411 vs. 11,402, P < 0.0001; n ¼ 20 animals each genotype). To test whether the function of the interrenal organ was affected, we measured cortisol levels in larvae and in adults. We found no significant differences in larval or adult cortisol levels by ANOVA including a post-hoc Tukey's HSD ( Fig. 4D and E) 
Altered myelin development in abcd1 mutants
To determine whether mutation of abcd1 affected development of the myelin, we analyzed major transcripts involved in myelin development. We performed quantitative reverse-transcription polymerase chain reaction (qRT-PCR) at 72 hpf in experimental triplicates, with n > 10 larvae in each group (Fig. 5A ). Transcript levels of myelin basic protein (mbp), a protein component of the mature myelin sheath produced by oligodendrocytes, and of myelin protein zero (mpz), an oligodendrocyte-produced protein component of CNS compact myelin (22) , were not significantly changed. However, levels of proteolipid protein 1a (plp1a), a major protein component of compact myelin, were significantly reduced in mutants (P < 0.05). The relative log2 fold change were calculated relative to wild-type, using 28S rRNA standard, SEM for each in parenthesis, with p values adjusted using Benjamini-Hochberg False Discovery Rate. The four genotypes were sa509/þ; sa509/sa509; zc90/þ; and zc90/zc90. For mbp, the log2 fold changes were 0. 15 . These data suggest that myelin generation is impaired in abcd1 mutants.
We used transmission electron microscopy (TEM) to quantify the extent of myelination in the ventral spinal cord at 5 dpf (Fig. 5B and C) . We found that the percentage of myelinated axons was reduced (wt vs. sa509 homozygotes, 8.8% vs. 3.8%, SD 4.2% vs. 3.1%, P ¼ 0.0078; n ¼ 4 animals each genotype) (Fig. 5D-F) . These results show a developmental hypomyelination in abcd1 mutants.
abcd1 mutants have impaired oligodendrocyte patterning caused by elevated apoptosis
To determine the cause of the changes in early myelin development, we studied whether there were changes in oligodendrogliogenesis. Oligodendrocyte precursor cells (OPCs) can give rise to myelin-producing oligodendroglia (23, 24) . We used the transgenic line Tg(olig2:dsRed) to label OPCs and oligodendrocytes (25) in wild-type compared to heterozygous sa509 mutants. We noted a difference in the pattern and number of dsRedexpressing cells in the mutant brains ( Fig. 6A and B ; arrows). To quantify the change, we counted the number of dsRedþ cells in the spinal cord ( Fig. 6C and D) . We found a significant decrease in the total number of dsRedþ cell counts in the spinal cord of mutants ( Because we observed this change in the amount and in the distribution of olig2:dsRed labeling, we tested whether there was an increase in apoptosis. We observed a significant increase in apoptosis in the brains of sa509 but not zc90 mutants at 72 hpf: sa509, wt versus heterozygous versus homozygous, cell counts 11, 27, 52, SEM 1.2, 1.4, 4.2, F 2,33 ¼ 112.7, post-hoc Tukey's HSD P < 0.001; zc90, wt versus heterozygous versus homozygous, 19, 18, 21, SEM 2.0, 2.6, 4.3, ANOVA F 2,55 ¼ 1.48, P > 0.05 ( Fig. 6F-H ). To determine if OPCs were particularly vulnerable to apoptosis, we determined whether the percentage of TUNELpositive olig2-positive cells was increased at 72 hpf. We found that there was not a difference in percentages of apoptosis in olig2-positive cells at 72 hpf in sa509, wild-type versus heterozygous versus homozygous, n ¼ 14, 13, 7 embryos each, average percentage 2.8, 3.5, 2. abcd1 mutants demonstrate reduced survival and impaired motor swimming response Although the abcd1 TALEN and sa509 alleles generated both heterozygous and homozygous animals surviving to adulthood, we noted a reduction in expected numbers of sa509 animals. We found that when different genotypes (wild-type, heterozygotes, homozygotes) were reared separately that there was no difference in overall survival for sa509 (Fig. 7A) . However, when all three genotypes were raised together, heterozygous and homozygous animals died at statistically significant increased rates compared to wild-types (Mantel-Cox log rank test, P < 0.0001) (Fig. 7B) , suggesting a potential competitive disadvantage in the mutants. There was no statistically significant difference in survival between heterozygous and homozygous sa509 mutants. The zc90 allele did not have a significant difference in survival between wild-type, heterozygotes, and homozygotes (Fig. 7G) .
We next tested whether there was a functional effect on motor behavior in the sa509 mutants that might contribute to the competitive survival disadvantage (Fig. 7C-F) . First, we analyzed motor behavior in larvae at 6 dpf. Animals were adapted for 30', and then recorded for 2'. For evoked behavior, animals were similarly adapted, and then a single white light flash was provided for stimulus and behavior was recorded for 1'. For spontaneous swimming there was no significant difference (wt, heterozygous, homozygous; total distance 235, 177, 190 mm; standard error of the mean (SEM) 25, 22, 24; n ¼ 23, 22, 19 larvae; ANOVA P ¼ 0.19) (Fig. 7C and D) . Evoked behavior was significantly different in heterozygous and homozygous animals: total distance swam was an average of 166 mm in wild-type larvae compared to 137 mm and 119 mm in heterozygotes and in homozygotes (SEM 66, 45, and 58; n ¼ 24, 20, and 23 larvae; ANOVA p 0.021). Post-hoc analysis with Tukey's HSD test was significant between wild-type and homozygous mutants (P ¼ 0.018) but not for any other comparisons. Evoked behavior thus showed a greater difference in response between the different genotypes ( Fig. 7E and F) than spontaneous behavior. Other parameters did not have statistically significant differences: percentage of time spent moving (wt, homozygous; percentage 3.5, 4.6; SEM 0.6; ANOVA P ¼ 0.23); and high-velocity percent of time (wt, homozygous; percentage 3.4, 4.4; SEM 0.8; ANOVA P ¼ 0.37). Thus, we found that both heterozygous and homozygous sa509 animals had impaired motor swimming at 6 dpf.
We also tested the motor behavior of zc90 mutants ( Fig. 7H  and I ). We analyzed motor behavior in larvae at 6 dpf using the same measures of spontaneous and evoked behavior. For spontaneous swimming there was no significant difference in time spent moving, high-velocity percent of time, or total distance swum ( Fig. 7H ) (for total distance swum: wt, heterozygous, homozygous; mean total distance 310, 286, 225 mm; SEM 37, 27, 35; n ¼ 18, 33, 11 larvae; ANOVA P ¼ 0.32). Evoked behavior was significantly different for time spent moving (ANOVA P ¼ 0.04; post-hoc Tukey's HSD P ¼ 0.048 for wt vs heterozygous). However, other parameters were not significant, including highvelocity percent of time (data not shown) and total distance swum ( Fig. 7I) (wt, heterozygous, homozygous; mean total distance 241, 180, 161 mm; SEM 37, 17, 28; ANOVA P ¼ 0.14). Our data thus demonstrate that impairments in movement are a consistent feature of the zebrafish abcd1 mutants across different alleles.
We then tested adult motor behavior. We analyzed adult sa509 homozygous mutants to determine if a motor deficit was present as compared to wild-type siblings. In analysis of spontaneous swimming (n ¼ 11 each genotype), we found significant differences in the distance swum, velocity, and time spent moving (distance, wt versus sa509; 3138 cm, 2160 cm; SEM 303, 146; P < 0.05; velocity, 5.1 cm/s, 3.5 cm/s; SEM 0.51, 0.24; P < 0.05; time spent moving, 569 s, 485 s; SEM 47.3, 26.3; P < 0.05) (Fig. 8 ). There were no differences of thigmotaxis (444 s, 380 s; SEM 21, 32), acceleration (1291 cm/s, 548 cm/s; SEM 488, 209), mean mobility (28%, 25%; SEM 2.8, 2.6), or frequency of mobility (1604 s, 1658 s; SEM 77, 95). Mobility is defined as movement of any part of the animal's body axis without movement of the center point of the animal (e.g. no overall displacement of the animal). Overall, these results show that abcd1 mutants display early quantifiable defects in survival and motor activity that were also present in the adult animals.
Human ABCD1 Rescue in sa509 Mutants
We tested whether transient expression of human ABCD1 cDNA in oligodendrocytes could reduce phenotypes of the sa509 mutants. We injected full-length ABCD1 expressed under control of the sox10 promoter into sa509 homozygous mutant offspring. We saw reduced apoptosis in embryos expressing the human ABCD1 construct compared to non-injected mutants (Fig. 9A) . Quantification revealed a statistically significant decrease in apoptosis (uninjected versus injected homozygotes, n ¼ 9 embryos each, cell counts 16.9 vs 2.8, SEM 2.5 and 1.4, P < 0.0001, Student's t-test) (Fig. 9B) . Further, we found that human ABCD1 rescued the number and patterning of oligodendrocytes in sa509 heterozygotes (Fig. 9C) . Finally, in the analysis of motor swimming behavior, we found that expression of human ABCD1 improved the evoked swimming deficit in sa509 mutants (n > 45 animals each group, 35.2 vs 46.5 mm, SEM 2.6, 3.4, P < 0.05) (Fig. 9D) . These results suggest that human and zebrafish ABCD1 perform functionally similar roles, and demonstrate that expression of ABCD1 in oligodendrocytes is sufficient to rescue several of the mutant phenotypes.
Discussion
We have characterized a small vertebrate model for ALD, by generating mutations in the zebrafish gene abcd1. The zebrafish abcd1 mutant alleles recapitulate key elements of human ALD, including elevated VLCFA levels, altered myelination, and evidence of nervous system dysfunction including altered motor behavior. The motor phenotypes are apparent within the first week of life and could be used for screening of therapeutic compounds. Importantly, our data reveal a heretofore unrecognized developmental defect in oligodendrocyte generation and patterning, and requirement for abcd1 in oligodendrocytes, which may be important for understanding ALD pathophysiology and the predisposition for disease progression. The ABCD1 gene encodes a peroxisomal ATP-binding cassette protein transporter, and ABCD1 appears necessary for very-long chain fatty acid metabolism. ALD is characterized by elevated VLCFAs in the serum as well as accumulation in tissues (26, 27) . However, several studies have found that levels of VLCFA b-oxidation are not affected in ABCD1 mouse mutants (28, 29) , and correction of VLCFA levels does not appear to prevent or reverse disease progression (5, 30) . Nonetheless the presence of elevated VLCFAs remains a reliable diagnostic marker for mutations in ABCD1, and which we noted in our zebrafish mutant by day of life seven. Both the heterozygous and homozygous sa509 zebrafish had VLCFA elevation. In human, male ALD patients VLCFA levels are increased roughly 4-fold over baseline (31) , and we observed a 2-fold increase over baseline, although differences in sample source (human serum vs. whole tissue) and methodology of sample preparation are limitations in interpreting this result.
In zebrafish, we noted that abcd1 RNA expression is seen by 48 hpf in the floor plate, which regulates neuron and oligodendrocyte patterning in the CNS (31) (32) (33) . Consistent with this floor plate expression, loss of abcd1 was associated with multiple defects in the development of the CNS, including abnormal axon tract placement, altered oligodendrocyte patterning with reductions in oligodendrocyte numbers, and impaired myelination. Because the oligodendrocyte progenitor population also gives rise to motor neurons (34), our results offer a potential insight into the susceptibility for motor defects in patients with the AMN form of ALD, which has altered motor neuron function (35) . Future studies could examine if numbers and patterning of motor neurons is intact in abcd1 mutants. Zebrafish abcd1 is wild-type, heterozygous, and homozygous zc90 6 dpf larvae. Each dot represents a separate animal; horizontal lines indicate the mean and SEM. ANOVA, P ¼ 0.14.
also expressed in the interrenal/pronephros, the zebrafish homolog of the adrenal glands (16), similar to human ABCD1, which is associated with Addison's disease and adrenal insufficiency. We observed a defect in interrenal gland development, but no change in cortisol levels. However, in humans the adrenal insufficiency is only present in some patients, and can manifest at any age from young childhood to middle age, with rates ranging from $1% in females to eventually > 80% in males (36) .
A major area of uncertainty surrounding human ALD is the phenotypic heterogeneity noted with the same gene mutation, such that even family members carrying the same gene change can have different phenotypes ranging from adult onset adrenomyeloneuropathy (AMN) to pediatric onset rapidly progressive cerebral ALD (3). Our observation that numbers of oligodendrocyte progenitor cells (OPCs) and oligodendrocytes are reduced suggests a potential mechanism for the susceptibility for AMN. The Figure 8 . Adult sa509 homozygous mutants show abnormal swimming behavior. 10' spontaneous swimming behavior box-plot analyses; * P < 0.05. sa509 mutants show evidence of impaired movement, as indicated by significant decreases in distance, velocity, and time spent moving. Thigmotaxis (as well as acceleration, mean mobility, and frequency of mobility) were not significantly different between wild-type siblings and sa509 mutants.
reduced numbers make any additional loss of oligodendrocytes and motor axons more problematic for the animal. Since impaired peroxisomal function has been associated with increased susceptibility to neuroinflammation (37) , including in ABCD1 mutants (38, 39) , specific triggers of inflammation such as trauma (40) , or slowly progressive neuroinflammatory-mediated loss of oligodendrocytes, could cause further loss of oligodendrocytes. At some threshold the number of oligodendrocytes will no longer be able to maintain normal myelin structure and function.
Another area of investigation regards the dosage requirement for ABCD1. In humans, ABCD1 is located on the X-chromosome, and affected males as well as heterozygous females develop neurological features. It is not known in humans whether the phenotype reflects a partial compensation, for example by the closely-related ABCD2; and/or whether heterozygous females are affected by X-inactivation of the non-mutant ABCD1 allele. Our zebrafish abcd1 model displays phenotypes in both heterozygotes and homozygotes. We think our results suggest that the phenotype in the zebrafish model reflects a dose-dependent requirement for Abcd1; particularly since both the splice-blocking and the exon 1 TALEN mutants display similar phenotypes.
The reduction of oligodendrocytes in abcd1 mutants is correlated with increased apoptosis in early development. While loss of ABCD1 has been noted to impair energy production (41), loss of oligodendrocytes had not been examined. Future studies can examine whether the increased apoptosis is secondary to impaired bioenergetics, or instead due to an unrecognized developmental role. In adult patients peripheral neuropathy is the most common phenotype (adrenomyeloneuropathy-AMN), and appears to consist of a "dying-back" axonopathy (4) . Future studies in the zebrafish ALD model can examine the extent of peripheral axon and myelin loss. The absence of interventions to prevent or slow disease progression in AMN, or to prevent or slow conversion to cerebral ALD, makes identification of new therapeutics of high relevance. The zebrafish ALD mutants demonstrate motor swimming defects by day six of life, when the larvae are still small enough to be tested in 96-well plates. While the current motor assay has significant phenotypic overlap between the different genotypes, with refinements the zebrafish ALD model might provide the basis for a drug compound screen. We have also found that adult mutants have impaired swimming behavior. The adult swimming behavior is quantifiable but is not obvious on casual inspection by eye. However, we have not serially followed adult individual animals over time to determine whether there is disease progression.
Drug screens in zebrafish have been used to identify target pathways as well as therapeutic compounds for human diseases (42) (43) (44) (45) . Since zebrafish have conservation of many of the genetic pathways for myelin generation, and our own work demonstrates conservation of abcd1 expression and function, mechanisms of action for compounds identified in zebrafish might be relevant for mammals as well. This is supported by our data showing that human ABCD1 expression in zebrafish can rescue the increased apoptosis and behavioral phenotype seen in sa509 mutants. Finally, the zebrafish model offers the opportunity to investigate the pathogenesis of conversion to rapidly progressive cerebral ALD, since we note early death in a subset of mutant animals. Future work can test the role and biochemical pathways played by environmental triggers or genetic background effects.
Materials and Methods

Ethics statement
Zebrafish experiments were performed in strict accordance with guidelines from the University of Utah Institutional Animal Care and Use Committee (IACUC), regulated under federal law (the Animal Welfare Act and Public Health Services Regulation Act) by the U.S. Department of Agriculture (USDA) and the Office of Laboratory Animal Welfare at the NIH, and accredited by the Association for Assessment and Accreditation of Laboratory Care International (AAALAC).
Fish stocks and embryo raising
Adult fish were bred according to standard methods. Embryos were raised at 28.5 C in E3 embryo medium and staged by time and morphology (46) . For in situ staining and immunohistochemistry, embryos were fixed in 4% paraformaldehyde (PFA) in PBS overnight (O/N) at 4 C, washed briefly in PBS with 0.1% Tween-20, dehydrated, and stored in 100% MeOH at À20 C until use.
Transgenic fish lines and alleles used in this paper were the following: Tg(olig2:dsRed) vu19 (23) ; Tg(mbp:egfp-caax) zc95 . Injection of DNA constructs and generation of stable transgenic lines was performed essentially as described (47) . Lines are available upon request.
Sequence analysis
Human and zebrafish ABCD1 amino acid sequences were compared using Clustal Omega and aligned using PRALINE (48, 49) ; phylogenetic tree analysis was performed with Phylodendron (http://iubio.bio.indiana.edu/treeapp/treeprint-form.html; date last accessed July 04, 2017).
TALEN plasmid construction and mutant generation and screening
Design and construction of TALENs targeting the D. rerio abcd1 gene (Ensembl(Zv9):ENSDARG00000074876) was performed by the University of Utah Mutation Generation and Detection Core as previously described (50, 51) . Potential TALEN target sites were identified using the TAL Effector Nucleotide Targeter 2.0 program (https://tale-nt.cac.cornell.edu; date last accessed July 04, 2017). TALEN sites were selected using the design parameters of: 1) spacer length: 14-18bp; 2) TALE repeat array length of 15-21 and 3) applying all additional options that restrict target choice (52) . The TAL Effector Nucleotide Targeter 2.0 program's Target Finder and Paired Target Finder, and a BLAST analysis, were used to ensure that highly similar left and right binding sites in close proximity to each other were not present at other regions in the D. rerio genome. The TALEN Golden Gate Kit (Addgene #1000000024) was used to produce RVD repeat array sequences that were cloned into pCS2TAL3-DDD (Addgene, #48637) and pCS2TAL3-RRR (Addgene, #48636) expression vectors to generate left and right TALENs, respectively. acbd1 TALEN plasmids were linearized with NotI and 5'-capped mRNA was generated (mMESSAGE mMACHINE SP6 Transcription Kit, Ambion) and purified (MEGAclear Kit, Ambion). 50-250 pg of equal amounts of each TALEN arm was injected into one-cell stage embryos and scored for dysmorphology and ability to induce mutations at the abcd1 locus, as assayed using highresolution melt analysis (HRMA) PCR. Potential G0 founder mutant alleles were out-crossed to wild-type fish.
HRMA PCR
PCR and high-resolution melt analysis (HRMA) was used for genotyping following published conditions with LightScanner Master Mix (Biofire Defense, Inc.) (19, 53) . For the zc90 allele in exon 1, we used the following primers and conditions: (forward primer) 5'-GTGGCTCATCTGTATTCAAACCT -3' and (reverse primer) 5'-CAGCCGTTTTAATGAGCGTGTA -3'; 94˚C for 2 min (m), followed by 30 cycles of 94˚C for 15 s (s), 62˚C for 15s, 72˚C for 15s, and a final extension of 72˚C for 2m. Following the PCR, DNAs were run on a 3.5% super fine resolution agarose gel in 1XTBE to differentiate wild type (79bp) from mutant (67bp) or heterozygote (79bp and 67bp) products. For the other TALEN alleles in exon 1, we used the following primers and conditions: (forward primer) 5'-AGGTTGGCAAACCCTGACCA-3' and (reverse primer) 5'-GTGTTGGCGCCTTTGGATTC-3'; 94˚C for 3 min (m), followed by 45 cycles of 94˚C for 30 s (s), 60˚C for 30s, 72˚C for 30s, and a final extension of 72˚C for 10m. For sa509 genotyping we did PCR with the following primers and conditions: (forward primer) 5'-TTACTCACCGTCCTTCTCTC-3' and (reverse primer) 5'-TCATACGATTCAAAACCCAC -3'; 95˚C for 2 m, followed by 30 cycles of 95˚C for 15s, 68.1˚C for 15s, followed by a final denaturation and annealing step of 95˚C for 30s, 25˚C for 15s, in an optically transparent plate with a mineral oil overlay. We then performed HRMA in order to differentiate the sa509 meltcurves.
Immunohistochemistry and in situ hybridization
Immunohistochemistry was performed as previously described (47; 38] . Antibodies used were: mouse anti-acetylated tubulin 1:250 (Sigma), mouse monoclonal anti-GFP 1:250 (Millipore), chicken anti-GFP 1:1000 (Aves Labs), mouse anti-HuC/D 1:400 (ThermoFisher), rabbit anti-dsRed 1:250 (Clontech), Cy-3 anti-rabbit 1:400 (Millipore), Alexa 488 donkey anti-mouse 1:400, Alexa 488 donkey anti-chicken 1:400, Alexa 555 rabbit anti-goat 1:400 (ThermoFisher), and 4',6-diamidino-2-phenylindole (DAPI).
We tested several different commercial antibodies against ABCD1 by whole-mount immunohistochemistry and on western blots; as well as generating and testing a rabbit polyclonal antibodies against a zebrafish 17-mer polypeptide. None of the antibodies tested gave a specific band. Antibodies against human ABCD1 that were tested by whole-mount immunohistochemistry and on western blots were Abcam clone 4E2 ab180485; Acris 11159-1-A; and USBio 209323. We also generated and tested rabbit polyclonal antibodies against a zebrafish Abcd1 protein 17-mer, amino acids 751-766 (CTERDVQSAGKEKDLME).
In situ hybridization
The antisense digoxigenin-labeled RNA probe for zebrafish abcd1 (ENSDARG00000074876) was prepared by generation of an amplicon from exon 1 (primers, forward 5'-CTGAAGAAACCCCTGG TGAA -3'; reverse, 5'-CTTTCCTCCTGGCTTCCTCT -3'). Following gel purification, the fragment was cloned into a TOPO TA dual promoter PCR4 TOPO vector (Invitrogen) and was sequenced to confirm identity. The construct was linearized with BamHI, and digoxigenin-labeled antisense mRNA probe was generated by T7 in vitro transcription (DIG-RNA labeling kit, Roche 11-175-025-910). Whole-mount in situ hybridization was performed as described (54).
In situ hybridization combined with immunohistochemistry on embryonic sections
In situ hybridization was performed as described above. After in situ was completed, embryos were sequentially transferred to 5% for 3 h, 15% sucrose overnight, and 30% sucrose overnight (sucrose was prepared in 1X PBS). Embryos were then embedded in OCT with a dry ice ethanol bath (dry ice submerged in 100% ethanol) and stored at À20˚C. 20 lm sections were cut for immunostaining. Sections were blocked for 30 min in blocking solution (1% BSA. 0.1% fish skin gelatin (Sigma G7765), 0.1% Tween-20 in PBS). The sections were then incubated with primary antibody, rabbit anti-dsRed, for 1 h at room temperature. After removal of the primary antibody with three washes in PBS, the second antibody, donkey anti-rabbit Alexa Fluor 555, was added for 30 min at room temperature. Sections were then washed three times in 1x PBS and mounted in Fluoromount G (SouthernBiotech).
Cloning
Expression clones were built using the Tol2 kit and recombination reactions with Gateway (ThermoFisher) plasmids (55) . The identity of the constructs was confirmed by restriction enzyme digests and by sequencing both strands (for coding sequences) or by partial end-sequencing (for enhancers). Specific plasmids used for cloning were p5E-mbp; p5E-sox10; pME-basEGFP-caax (middle entry clone with EGFP-caax preceded by minimal promoter); pME-ABCD1 (human); p3E-2A-EGFP; p3E-pA; into pDestTol2pA2 (53) . p5E-mbp was generated by cloning the mbp enhancer (20,56) using primers forward 5'-GTCGACCAGATG CTGAGATGTGACTACTGCAAATGA -3' and reverse 5'-GGATC CGTTGATCTGTTCAGTGGTCTACAGTCTGGA -3'.
Very long chain fatty acid analysis
Samples were transferred to 13 ml culture tubes with PTFAlined caps and 1.5 ml of 3% HCl in MeOH containing n-heptadecanoic acid (0.06 mg/ml) was added. Samples were vortexed for 30 s then placed into a sand bath heated at 80 C for 16 h. The resulting methanolysis reaction products were extracted with hexanes (2 Â 1 ml), transferred to Eppendorf tubes, briefly evaporated in a speedvac, then resuspended in 30 ml EtOAc and transferred to GC/MS vials with insert. A pooled QC sample was generated by taking small aliquots from each reaction vial. A blank process sample was also made. GC/MS analyses are conducted using an HP6890 instrument interfaced with an MSD-HP5973 detector and equipped with a Zebron ZB-5MSi Guardian (30 m Â 0.25 mm ID, 0.25 mm film thickness; Phenomenex) column and an HP7682 injector. Helium was used as a carrier gas with a 10:1 split ratio at an injection volume of 1 ml. 
Microscopy and image analysis
Image acquisition and analysis were performed as described previously (47) . Immunostained embryos were transferred step-wise into 80% glycerol/20% PBST, mounted on a glass slide with a #0 coverslip placed over a well-made using electrical tape, and imaged on a confocal microscope. Confocal stacks were projected in ImageJ, and images composed with Adobe Photoshop and Illustrator.
olig2:dsRed quantification
Confocal images of Tg(olig2:dsRed) embryos immunostained for dsRed and for DAPI were obtained, and quantification was performed in ImageJ by compiling a maximum intensity projection of 30 z-slices, step-size 1.14 lm, into a single image; a 300 Â 150 pixel box was drawn with the rostral edge at the hindbrain boundary, and the total pixel intensity was calculated.
TUNEL quantification
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) was performed on whole-mount larvae (ApopTag Fluorescein in Situ Apoptosis Detection Kit; Millipore) as described (57). Confocal imaging was performed and quantification was performed in ImageJ by compiling a sum projection of 75 slices (step size 1.14 lm) into a single z-stack image. For counts at 72 hpf a 340Â170 pixel box was drawn in the telencephalon at with the ventral edge place on the dorsal edge of the eye and the rostral edge at the nose; at 30 hpf and 48 hpf a 450Â300 pixel box was drawn around the entire brain. Thresholding was applied from a minimum of 125 to a maximum of 255; and the "Analyze Particles" function was used for quantification.
Semi-quantitative RT-PCR
A semi-quantitative PCR reaction for abcd1 was performed on 72 hpf embryos. Primers for abcd1 were the same as used to generate the in situ probe. polyA RNA was quantified for each sample, and equal amounts were used in each PCR. Total RNA was extracted using Trizol (Invitrogen), purified (Qiagen RNeasy mini-columns), and reverse-transcribed (Superscript TM III Firststrand Invitrogen kit, 18080-051) as previously described (53) .
Survival analysis
Three separate experimental replicates were performed for each analysis with n > 25 animals of each genotype for each experimental replicate. Survival was checked no less than every 3 rd day. Animals were raised at a density of 25 animals per tank.
For competitive survival analysis the different genotypes were raised together; on a daily basis tanks were checked, and dead animals were removed and genotyped by PCR. Statistical analysis was performed in GraphPad Prism 6.
Cortisol assays
Larval cortisol preparation 7 dpf larvae were immediately anesthetized with Tricaine. 20 larvae per 1.7 ml tube were suspended in 200 ll 10 mM Tris pH 8.0 on ice and homogenized with a pellet pestle. Tubes were spun for 10 min at maximum speed in a microfuge at 4 C. The entire supernatant was removed to a new tube and kept on ice or at À80 C before processing over columns.
Strata-X columns (cat#8E-S100-UGB, Phenomenex) were conditioned with 1 ml MeOH and then equilibrated with 1 ml water. The columns were then washed with 1 ml water and 1 ml 10% MeOH in water. Finally, the samples were eluted with 2 Â 500 mcL 2% formic acid in ethyl acetate/isopropanol (85:15), dried down in a speedvac, and reconstituted in 100 ll of ELISA buffer from a cortisol ELISA kit (Cayman Chemical Company, cat #500530). The samples were further diluted 1:10 in ELISA buffer and a cortisol ELISA was performed in triplicate, according to the manufacturer's directions.
Adult cortisol preparation
Adult male fish were immediately euthanized in ice, frozen in liquid nitrogen, and ground to powder with a mortar and pestle. The powder was placed in a 1.7 ml tube and weighed prior to addition 200 ll 10 mM Tris pH 8.0, followed by vortexing. Extracts were spun for 10 min at maximum speed at 4 C, and the supernatant removed to a new tube and kept on ice or at À80 C before processing over columns and performing the ELISA as for larvae, above.
Behavior analysis
Larval behavior analysis was performed on 6 dpf larvae in 96-well square bottom plates (Krackeler Scientific) using a video analysis software program (Noldus EthoVision). For spontaneous behavior, animals were transferred at 5 dpf to the 96-well plate and kept at 28.5˚C overnight. At 6 dpf the plate was placed on the video imaging system and animals were allowed to adapt for 30', and then recording was performed in three separate epochs of 2' each. For evoked behavior, animals were similarly adapted, and then a single white light flash was provided for stimulus and behavior was recorded for 1'. Adult behavior analysis was performed on adults (age > 6 months) in 7.5 Â 9.5 cm (inner dimensions) rectangular glass dishes. Adults were transferred to the behavior analysis room on the morning of testing in their home tanks, allowed to acclimatize for 1 h, and then transferred individually to the testing dish. The animal and testing dish was placed in the recording arena and 30' of acclimatization occurred, followed by 10' of recording of spontaneous behavior.
Statistical analysis
Statistical analyses were performed using Prism6 software (GraphPad). Student's t-test was used for two-way comparisons; comparisons between three or more groups was performed with ANOVA with post-hoc Tukey's HSD between individual means.
